Experiments for CO 2 stripping/amine regeneration were performed using single and blended amines (namely, MEA, MEA-MDEA, MEA-DEAB (4-(diethylamine)-2-butanol)) with and without solid acid catalysts (γ-Al 2 O 3 or HZSM-5) at 90-95 • C. The heat duty to regenerate 5 M MEA without catalyst was taken as 100% and as the base line. The results showed that the amine regeneration performance in terms of lowest heat duty followed the order: MEA-DEAB with HZSM-5 (38%) > MEA-DEAB with γ-Al 2 O 3 (40%) > MEA-DEAB with no catalyst (51%) > MEA with HZSM-5 (65%) > MEA with γ-Al 2 O 3 (73%) > MEA-MDEA with γ-Al 2 O 3 /no catalyst (74%), all relative to MEA with no catalyst (100%). The results further showed that the addition of MDEA or DEAB (as tertiary amines) in a blended solvent provided R 3 N and HCO 3 − , which split and thus decreased the free energy gaps in the solvent regeneration pathway. The implication is that the use of blended amines in conjunction with solid acid catalysts could result in stripper size and heat duty reductions during solvent regeneration.
Introduction
Carbon capture and storage (CCS) is a major option that can be used to mitigate carbon dioxide emissions which is blamed for global warming and climate change. Amine-based post-combustion capture of CO 2 is considered to be one of the mature technologies that can be employed in CCS. The major drawback of this technology is that the energy required for the amine solvent regeneration for CO 2 stripping is still too high [1] . A number of researchers have reported measures that have been used to effectively reduce heat duty [1] [2] [3] [4] [5] . These include the development of novel solvents or solvent blends which can reduce the heat duty from 6256.8 to 1742.4 kJ/kg CO 2 and the reflux ratio of H 2 O/CO 2 from 0.7 to 0.1 [6] as well as process optimization. There has also been a recent attempt to improve Heat Exchanger Network (HEN) optimization, which has exhibited a good potential to improve energy efficiency of an overall power plant with a reduction in the energy penalty for CO 2 capture from 19.4% to 15.9% [7] .
Recently, Idem et al. [8] have reported the application of solid acid catalysts to solvent regeneration. Two commonly used industrial acid catalysts: (1) Protonated Zeolite Socony Mobil -5, (HZSM-5, which is a framework type aluminosilicate zeolite) and (2) γ-Al 2 O 3 were used for the study which proved to be effective catalysts for CO 2 stripping from single MEA solution. With HZSM-5, the solvent regeneration process was greatly facilitated with a decreased operating temperature from 120-140 ºC to 90-95 ºC. This ensured that the heat duty was significantly reduced at a lower temperature range with significantly less water vaporization. The heat duty obtained at the laboratory scale was 1.56 GJ/tonne CO 2 (1560 kJ/kg CO 2 ), compared with 3.53 GJ/tonne CO 2 (3530 kJ/kg CO 2 ) from the pilot plant [1] for a non-catalytic process. Other researchers have followed this cue to apply Al 2 O 3 sphere to CO 2 stripping [5] which was found to be useful for solvent regeneration with specific lipophilic amines such as dipropylamine (DPA) Di-sec-butylamine (DsBA), and N,N-dimethylcyclohexylamine (DMCA). The present study not only presents experimental results for catalyst-aided amine regeneration, but also, provides new knowledge behind the use of novel tertiary amines or amino alcohols, and solid acid catalysts to drastically reduce the heat of regeneration.
Nine types of amine regeneration processes were studied in the current work, which resulted from the use of 3 amine solutions and 3 catalytic conditions. MEA, MEA-MDEA, MEA-DEAB solutions were selected as typical single and blended amine solutions. Non-catalyst, γ-Al 2 O 3 and H-ZSM-5 were used as different catalytic conditions. The objective was to elucidate the advantages of blended amines vs. single amine in heat duty reduction. Moreover the catalytic effects of solid acid catalysts vs. non-catalyst were also studied.
Experimental Setup and Procedures
These experiments were performed for single and blended amines (namely, MEA, MEA-MDEA, MEA-DEAB with and without solid acid catalysts (γ-Al 2 O 3 or HZSM-5) at 90-95 ºC. The experimental apparatus is shown in Fig  1. About 2L of each amine solution was used with a CO 2 loading of 0.50~0.52 mol CO 2 /mol amine. Exactly 25 g of the desired catalyst of 3-4 mm particle size were placed in a basket made of stainless steel and suspended somewhat in the middle of the solution in the flask. A condenser was placed on the top with a thermometer in an adaptor to monitor the temperature. A heater was used to provide heat at a predetermined fixed rate which kept the temperature at between 85-95°C. A magnetic stirrer at a constant stirring speed was placed at the bottom of the flask and used for stirring the mixture such that there was no collision between the stirrer and the catalyst.
Time was recorded after the operating temperature was > 85 ºC. Heating was required throughout the reaction to ensure the temperature was maintained at between 90-95°C for 9 h (540 minutes). Samples were taken by pipetting 2 mL of sample from the 2 L flask at periods of 120, 240, 360, 480 and 540 min after the temperature had reached 85 o C, and used to perform CO 2 loading tests. The Chittick apparatus was used to determine the CO 2 loading of the samples. The regenerated amine CO 2 loading (α) vs. heating time (min) curve was then generated to study the regeneration process. Heat duty was calculated as the heat required to strip CO 2 from the amine solution over a period of 120 min from a loading of 0.5 mol CO 2 /mole amine at the temperature of 90-95 o C. Such a low operation temperature (< 100 o C) may be implemented with hot water (95-98 o C) as the heating source instead of steam. 
Results and discussion

The Catalytic Amine Regeneration Process
The catalytic amine regeneration process took approximate 9 hours for each test. These long term tests can be used to demonstrate very important information of amine regeneration. The regeneration curves of CO 2 loading (mol/mol) vs. time (min) are plotted in Fig. 2 . Figs. 2a and 2b show the regenerated amine CO 2 loading vs. heating time (i.e. fixed heat input) plotted for three different amine solution systems: MEA only, MEA/MDEA and MEA/DEAB at a ratio of approximately 4:1. For all three systems, non-catalytic tests were initiated as a blank test. Two additional types of catalysts were applied later; one was a solid Lewis acid, γ-Al 2 O 3 and the other was a solid proton donor, Brϕnsted acid, HZSM-5. The regeneration tests were performed at 85-95 C for CO 2 stripping. From Fig. 2a , it is apparent that the slope of CO 2 loading vs. time is steep in the beginning (i.e. CO 2 is quickly released) but the slope becomes less and less steep as time progresses.
The slope can be used to separate the amine regeneration curves into two stages of amine regeneration: the fast stage and the slow stage. Fig. 2a clearly shows the different stages for all these nine cases. It is preferable for the amine regeneration process to take place under the fast stage rather than the slow stage to facilitate heat duty reduction. The regeneration processes for all the conditions for the first 2 h can be considered to be occurring in the fast stage, which are plotted in Fig.2b separately. Fig. 2b is of special interest because it helps to show the variables that can be used for heat duty optimization from the combination of type of solution and type of catalyst. A detailed NMR analysis shows that the CO 2 -loaded solvent at the stage of quick CO 2 release contains bicarbonate (HCO 3 -) ions whereas the CO 2 -loaded solvent at the stage of slow CO 2 release has been depleted of bicarbonate ions. The regeneration rate was much faster with bicarbonate than without bicarbonate.
The
Heat duty analysis for 9 cases during the first 2 hours Fig. 2b above indicates the regeneration curves for these 9 different cases for the first 2h (120 min). The heat duty for each condition was calculated based on the first 2 hours. The results are given in Table 1 and Table 2 , and then plotted in Fig. 3 . Table 1 demonstrates CO 2 release for the 9 systems while Table 2 demonstrates the relative heat duty (%) as compared to MEA without catalyst (100%) The relative energies (%) for these 9 cases as compared to MEA with no catalysts (100%) were calculated as shown in Table 2 . These energies are plotted in Fig. 3 . The absolute heat duty (kJ/mol CO 2 ) was also calculated using equation (1) . These absolute heat duties are given elsewhere [9] . For each set of amine solution, the catalytic regeneration is better than the non-catalytic process. HZSM-5 catalyst appears to be a better catalyst than γ-Al 2 O 3 . MEA: HZSM-5 (63%) < γ-Al 2 O 3 (73%) < non-cat (100%); MEA/MDEA: HZSM-5 (60%) < γ-Al 2 O 3 (74%) ~ non-cat (74%); MEA/DEAB: HZSM-5 (38%) ~ γ-Al 2 O 3 (40%) < non-cat (51.4%). The Brϕnsted acid catalyst (HZSM-5) performed more effectively than the Lewis acid catalyst (γ-Al 2 O 3 ).
The role of bicarbonate HCO 3 and γ-Al 2 O 3 in the amine regeneration
From the experimental analysis, the heat duty for regeneration of the blended amine solution is much smaller than that of the single amine solution. The major difference of blended amine solutions versus a single primary amine solution is the addition of R 3 N and bicarbonate ions (HCO 3 -) . MEA solution also contains some amount of bicarbonate, but the major species formed from dissolved CO 2 is the carbamate (MEA-COO -) species.
The key to evaluating amine regeneration is to develop thermodynamic models of the deprotonation reaction of AmH + , which is a strong endothermic reaction (2) . The reaction energy of Amine regeneration is quite different for different amine solutions due to their different inherent alkalinity. A stronger base (such as MEA solution) requires more energy to release proton to water than a medium base (such as MDEA or DEAB solution), which in turn, requires more energy than a weak base (such as HCO 3 -). The energy diagram (kJ) of different amines and bicarbonate were calculated from thermodynamics models and are shown in From the energy diagram ( Fig.4) , the amine regeneration of MEAH + to H 2 O requires a large amount of heat (78.22 kJ at 90 C). However, amine regeneration of MEAH + to HCO 3 requires much less energy (21.9 kJ at 90 C), and releases CO 2 directly. The role of HCO 3 is to help to reduce the reaction energy of amine solvent regeneration on a molecular level, and then cut the overall heat duty on the macro level. Despite being a very effective component, the HCO 3 will be exhausted at lean CO 2 loading when all the HCO 3 is converted to CO 2 and released from reaction (4) . There is negligible amount of bicarbonate at the lean CO 2 region. One of the effective substitutes of HCO 3 could be γ-Al 2 O 3 , because they are similar in reaction and chemical properties. Fig. 3 . The Relative heat duty for solvent regeneration for CO 2 stripping for different scenarios (obtained at the end of 120 min)
As is known, HCO 3 is an amphoteric molecule and is similar to γ-Al 2 O 3 which is an amphoteric oxide. From Fig.  3 , the effect of MEA/DEAB with γ-Al 2 O 3 (40%) is almost as good as with H-ZSM-5 (38%) at the rich CO 2 loading region. At the lean CO 2 loading where the amine solution is basic, some amount of Al 2 O 3 is dissolved in the more basic solution and this fraction turns into AlO 2 -. AlO 2 can then accept protons from AmH + and release proton to water again from reaction (5) . Thus, γ-Al 2 O 3 is more effective in the CO 2 lean region by substituting for the role of HCO 3 -. 
The role of HZSM-5 in the amine regeneration
HZSM-5, a Brϕnsted solid acid catalyst, was used as a proton donor to effectively break down the carbamate species [8] [9] . HZSM-5 worked better than a Lewis solid acid, γ-Al 2 O 3 , and required less energy because it provides protons directly to aid in carbamate breakdown. In general, the trends for the amount and rate of CO 2 production for each solvent formula were similar: HZSM-5 > γ-Al 2 O 3 > no catalyst. A proton donor catalyst (HZSM-5) is more effective in stripping CO 2 from the solvent than the electron acceptor catalyst (γ-Al 2 O 3 ), while both types of catalysts regenerate the solvent more quickly and with less energy than the scenario without a catalyst. 
Summary
The heat duty to regenerate 5 M MEA without any catalyst was taken as the baseline (100%). The results ( Table  2 , Fig. 3 ) shows that the CO 2 stripping performance in terms of heat duty decreased in the order: MEA-DEAB with HZSM-5 (38%) > MEA-DEAB with γ-Al 2 O 3 (40%) > MEA-DEAB with no catalyst (51%) > MEA with HZSM-5 (65%) > MEA with γ-Al 2 O 3 (73%) > MEA-MDEA with γ-Al 2 O 3 /no catalyst (74%) > MEA with no catalyst (100%). The addition of MDEA or DEAB (as tertiary amines) in a blended solvent provided R 3 N and HCO 3 -, which split and thus decreased the free energy gaps. Bicarbonate played a very important role in heat duty reduction. Even though MDEA is intrinsically less basic, DEAB generated a lot more HCO 3 resulting in a tremendously lower heat duty. γ-Al 2 O 3 (Lewis acid) was more effective in the CO 2 lean region (higher pH) by substituting for the role of HCO 3 -, which is exhausted and negligible in the CO 2 lean region, whereas HZSM-5 (Brϕnsted acid) is effective throughout the loading range by donating protons. The low operation temperatures make it possible to use hot water as a heat source for amine regeneration instead of steam.
